Wild ducks and gulls are the major reservoirs for avian influenza A viruses (AIVs). The 21 mechanisms that drive AIV evolution are complex at sites where various duck and gull 22 55 the natural host is imperative to both mitigating the risk of incursion into domestic 56 poultry and potential risk to mammalian hosts including humans. 57 58 Avian influenza viruses (AIVs) have been identified in a wide diversity of wild and 59 domestic bird species but wild waterbirds of the Orders Anseriformes and 60 Charadriformes, such as ducks, geese, swans and shorebirds (1, 2) form their natural 61 reservoir. These birds maintain diverse group of low pathogenic avian influenza A 62 viruses (LPAIVs), which cause limited morbidity in these host species in experimental 63 settings (3). The effect of AIV infection in wild birds in non-experimental settings is 64 more contradictory. Body mass was significantly lower in infected mallards (Anas 65 playrhynchos) and the amount of virus shed by infected juveniles was negatively 66 correlated with body mass. However, there was no general effect of infection on 67 staging time (duration of stopover for migratory birds), except for juveniles in 68 September and LPAIV infection did not affect speed or distance of subsequent 69 migration (4). Conversely, a recent mallard study demonstrated no obvious detriment 70 to the bird as movement patterns did not differ between LPAIV infected and uninfected 71 birds. Hence, LPAIV infection probably does not affect mallard movements during 72 stopover, consequently resulting in the potential for virus spread along the migration 73 route (5). The precise role of migrants and resident birds in amplifying and dispersing 74 AIVs however, remains unclear. In another study the migrant arrivals played a role in 75 virus amplification rather than seeding a novel variant into a resident population (6). It 76 has also been suggested that switching transmission dynamics might be a critical 77 strategy for pathogens such as influenza A viruses associated with mobile hosts such 78 as wild waterbirds, and that both intra and inter-species transmission are important to 79 maintaining gene flow across seasons (7). 80 81 102
species from multiple flyways breed, winter or stage. The Republic of Georgia is 23 located at the intersection of three migratory flyways: Central Asian Flyway, East 24 Asian/East African Flyway and Black Sea/Mediterranean Flyway. For six consecutive 25 years (2010) (2011) (2012) (2013) (2014) (2015) (2016) , we collected AIV samples from various duck and gull species that 26 breed, migrate and overwinter in Georgia. We found substantial subtype diversity of 27 viruses that varied in prevalence from year to year. Low pathogenic (LP)AIV subtypes 28 included H1N1, H2N3, H2N5, H2N7, H3N8, H4N2, H6N2, H7N3, H7N7, H9N1, H9N3, 29 H10N4, H10N7, H11N1, H13N2, H13N6, H13N8, H16N3, plus two H5N5 and H5N8 30 highly pathogenic (HP)AIVs belonging to clade 2.3.4.4. Whole genome phylogenetic 31 trees showed significant host species lineage restriction for nearly all gene segments 32 and significant differences for LPAIVs among different host species in observed 33 reassortment rates, as defined by quantification of phylogenetic incongruence, and in 34 nucleotide diversity. Hemagglutinin clade 2.3.4.4 H5N8 viruses, circulated in Eurasia 35 during 2014-2015 did not reassort, but analysis after its subsequent dissemination 36 during 2016-2017 revealed reassortment in all gene segments except NP and NS. 37 Some virus lineages appeared to be unrelated to AIVs in wild bird populations in other 38 regions with maintenance of local AIV viruses in Georgia, whereas other lineages 39 showed considerable genetic inter-relationship with viruses circulating in other parts 40 of Eurasia and Africa, despite relative under-sampling in the area. Waterbirds (e.g., gulls/ducks) are natural reservoirs of avian influenza viruses (AIVs) 45 and have been shown to mediate dispersal of AIV at inter-continental scales during 46 seasonal migration. The segmented genome of influenza viruses enables viral RNA 47 from different lineages to mix or re-assort when two viruses infect the same host. Such 48 reassortant viruses have been identified in most major human influenza pandemics 49 and several poultry outbreaks. Despite their importance, we have only recently begun 50 to understand AIV evolution and reassortment in their natural host reservoirs. This 51 comprehensive study illustrates of AIV evolutionary dynamics within a multi-host 52 ecosystem at a stop-over site where three major migratory flyways intersect. Our 53 analysis of this ecosystem over a six-year period provides a snapshot of how these 54 viruses are linked to global AIV populations. Understanding the evolution of AIVs in
Introduction
AIVs continue to cause both morbidity and mortality in poultry worldwide. Increased 82 mortality is strongly related to infection with highly pathogenic influenza A viruses 83 (HPAIVs), characterised by mortality in gallinaceous poultry (8) . Periodically, human 84 infections associated with HPAIV of both the H5 and H7 subtypes have been detected. 85 In particular, parts of Asia and Africa have been significantly affected by the Eurasian 86 (goose/Guangdong/1996) lineage H5 HPAIV epizootic for two decades, becoming 87 enzootic in some areas and multiple waves of influenza with evolving viruses in others 88 (9). More recently, H5Nx reassortants of the Eurasian lineage HPAIVs from clade 89 2.3.4.4 have been introduced into wild birds from poultry and spread to new 90 geographic regions (10). 91 The Caucasus, at the border of Europe and Asia, is important for migration and over-92 wintering of wild waterbirds. Three flyways, the Central Asian, East Africa-West Asia, 93 and Mediterranean/Black Sea flyways, converge in this region. Understanding the 94 ecology and evolution of AIVs in wild birds is complex, particularly at sites where 95 multiple species co-habit and in those ecosystems which support different annual life-96 cycle stages and where multiple migratory flyways intersect. 97 At a population level, Eurasian dabbling ducks were found to be more frequently 98 infected than other ducks and Anseriformes (11) with most AIV subtypes detected in 99 ducks, except H13 and H16 subtypes which were detected primarily in gulls (11, 12) .
100
Temporal and spatial variation in influenza virus prevalence in wild birds was 101 observed, with AIV prevalence varying by sampling location. In this study site in the Previous genetic studies of the viruses isolated from wild birds have focused on gene 119 flow at an intra-or intercontinental level involving multiple hosts, rather than on virus 120 gene flow among species within an ecosystem (16, (18) (19) (20) This study presents novel findings concerning the ecology and evolution of both 130 LPAIVs and HPAIVs circulating in wild birds in a key active surveillance site in Eurasia. 131 We investigated the diffusion of AIV gene segments within different wild bird hosts 132 occupying the same ecosystem. There was substantial diversity in surface 133 glycoprotein HA (heamagglutinin) and NA (neuraminidase) subtypes, which varied 134 year to year and with the host species. M, NS, NP, PB1, PB2 and PA (henceforth 135 referred to as "internal" gene segments) also showed host restriction to various 136 degrees. There were differences in genetic diversity, reassortment rates, and inter-137 species transmission rates in the internal gene segments associated with different 138 host species and HA subtypes. We also examined how closely related the Georgian 139 AIV gene segments were to AIV globally. We found evidence for genetic inter-140 relationship of Georgian AIV with AIV in mainly Africa and Eurasia but several lineages 141 appear to be maintained locally. • HA subtype. Dataset was reduced to include subtypes H1, 2, 3,4, 5, 6, 7, 9,10, 217 11, 13 where greater than three sequences were available for statistical 218 analyses.
219
Visualisation of phylogenetic incongruence 220 We inferred Maximum Likelihood (ML) phylogenetic trees for each gene 221 segment using IQ-TREE, 1.5.5 (32) and ModelFinder (33) 
Results

280
HA-NA subtype diversity and host-specificity 281 Over the six-year period between 2010 and 2016, 24 HA/NA subtypes of influenza 282 A virus, including 12 different HA subtypes (H1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 13, and 16) 283 were isolated ( Figure 1A) . The diversity of subtypes varied from year to year, and 284 associated with the level of prevalence in duck versus gull hosts. Within our sampling 285 in Georgia, H9, H13 subtypes are found exclusively in gulls, while H1, H5, and H7 286 were detected exclusively in mallards. H3, H4, H6, and H10 were found in mallards 287 and various other ducks. Positive evidence for multiple-species infection (ducks and 288 gulls) was found only for H2 and H11 viruses in this dataset even though globally, 289 many other subtypes are found in multiple hosts. 290 In the first three years between 2010-12, up to seven different HA subtypes were 291 found every year. These included H1, 2, 3, 4, 6, 10, 11, 13, and 16. H13, which was 292 found in the greatest proportion of sequenced samples in 2011 and 2012 and was the 293 sole type sequenced in 2013. In 2014, again only a single subtype was found (H10).
294
The absence of more subtypes in these years could be explained by the comparatively 295 low prevalence of IAV in these years, in both gulls and ducks in 2014 and especially 296 ducks in 2013 ( Figure 1B) . In 2015, where prevalence was nearly zero in gulls, we 297 saw HPAI H5 type viruses detected along with an H6. H4, which was previously 298 isolated only in 2011, was the predominant type in 2016, followed by H5 and H7. (Figure 3C ), the internal gene segments associated 336 with H4 and H13, the most abundant types found in our dataset, had the lowest 337 diversity -possibly because several of the isolates were detected at the same time. 338 Those less commonly isolated, such as H11 was detected in different years (2011, 339 2014) which may explain the high diversity of its NS, M, NP, PA, PB1, and PB2 gene 340 segments. However, H3, which also has relatively high diversity were both detected 341 at the same time (September 2011). Both NS and NS-B datasets were used in the 342 analysis and as expected, the exclusion of sequences of NS-A (found exclusively in 343 viruses from duck hosts), lowers the overall diversity within the ducks even when the 344 values are normalised for the number of sequences found in each subset. 345 We tested the root-to-tip regression for ML trees for each of the six internal protein (Figure 4 A and B) show similar trends as seen in Figure 3 . 355 We tested the null hypothesis that there is no association between phylogenetic is observed in the data (Observed mean) are presented in Figure 5 (A-C) . The higher 360 the value of null/observed, the lower is the support for phylogenetic clustering of the 361 given trait. Therefore, a higher value indicates a different ancestry. Hence, when we 362 consider the HA subtype trait as "lineage", it provides a measure of reassortment as described (43) 
354
Correlation of traits with phylogeny
Directionality of viral gene segment transfer
378 Figure S3 shows ancestral reconstruction of the host state along time-scaled 379 phylogenies for five of six internal gene segments. The results are summarised in 380 Figure 6A showing the mean number of host jump events from duck to gull and vice-381 versa. For all gene segments, most of the host spillover events are in the direction 382 from ducks to gulls. In figure 6B we see that at a finer level, most of the host jump 383 events happen within the duck (mallards (MD) to other ducks (OD)) and gull (Black-384 headed and Mediterranean Gulls (BMG) to Yellow-legged and Armenian Gulls (YAG) 385 and vice versa) species. In transmissions from ducks to gulls it is largely noticeable 386 only from MD to BMG. This likely explains the higher levels of nucleotide diversity and 387 reassortment rates in the BMG viruses relative to YAG seen above.
388
Geographical context for GE NS, M, NP, PA, PB1, PB2 segments 389 To determine the origin and destination of the internal protein coding gene segments 390 found in viruses isolated in Georgia, we analysed our sequence dataset together with 391 avian influenza sequences from a broader timeframe (2005-2016) and regional 392 sampling. Figure 7A shows the genealogy for the NP gene for whose tips we know the 393 location of sampling and whose internal nodes are estimated using discrete-state 394 ancestral reconstruction in BEAST. Clades in which Georgian sequences occur are 395 highlighted. Figure 7B summarises 
